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AN ANALOG SDNLATION STUDY OF THf3 TETI-IER CONC~E?1  

SUMMARY 

A p i lo ted  simulation has been conducted i n  which t h e  r e l a t i v e  ad- 
vantages of t he  t e t h e r  concept of spacecraft docking and d i r ec t  docking 
of spacecraft  have been evaluated. Both t he  Apollo t ransposi t ion and 
lunar  o rb i t  dockings have been investigated.  

This study invest igated t he  e f f ec t  of cable ree l - in  ra te ,  cable 
tension, and a t t i t u d e  control  system mode upon the  t e t h e r  docking. The 
e f f ec t  of a t t i t u d e  control  system mode was evaluated fo r  t h e  d i r e c t  
docking concept. 

The r e s u l t s  of t h i s  study revealed t h a t  t he  control  problems and 
contact conditions were very nearly i den t i ca l  f o r  both docking concepbs. 
Based on the  study findings, it is  concluded t h a t  t he re  i s  no apparent 
advantage of the  t e t h e r  concept over t he  d i r ec t  docking concept. 

The Apollo Lunar Landing Mission includes two docking maneuvers: 
one occurs shor t ly  a f t e r  t ranslunar  in jec t ion  when t h e  C/SM detaches 
from the  S-IVB and docks with the  IBM/s-IvB, and the  other occurs fo l -  
lowing lunar o r b i t  rendezvous when t h e  ZEN docks with t h e  C/SM. The 
accuracy with which these  maneuvers can be performed i s  dependent on 
t h e  charac te r i s t i cs  of the  spacecraft  control  system and the  adequacy 
of t he  displays and v i sua l  cues avai lable  t o  t h e  p i l o t  t o  execute t he  
maneuver. The contact conditions obtained determines t he  l i m i t s  t o  
which the  docking-latching in te r face  must be designed. 

Ea r l i e r  s tudies  of t he  docking control  problem ( r e f s .  1 t o  4) 
assumed t h a t  t he  maneuver would bring the  vehicles i n t o  d i r ec t  contact 
and investigated t h e  accuracy with which t h i s  could be accomplished 
using varied modes of a t t i t u d e  control .  A more recent concept has 
evolved i n  which t he  two vehicles a re  te thered while s t i l l  a few f e e t  
apar t  and then reeled together t o  complete t h e  docking maneuver. The 
objective of t h i s  newer concept i s  t o  obtain more precisely  controlled 
contact conditions t h a t  w i l l  a l l e v i a t e  the weight problem of docking 
f i x tu re  hardware design. 



Since the  re la t ive  advantage of tethered versus direct  docking had 
not been c lear ly  established, an analog simulation study was conducted 
by the Guidance and C o ~ t r o l  Division t o  investigate tethered docking an6 
t o  compare the docking resu l t s  ( fo r  example, contact veloci t ies  and dis-  
placements, fue l  expended) of the  two methods. It is the  purpose of 
t h i s  report t o  present and discuss r e su l t s  of t h i s  study. 

SYMBOLS 

P Angle between docking axes of two spacecraft 

(r Standard deviation about mean or average 

$ Relative r o l l  angle error  between two docking spacecraft 

DESCRIPTION OF SIMULATION 

The docking simulation was implemented by coupling an analog com- 
puter solution of the two six-degrees-of-freedom dynamical equations of 
re la t ive  motion of the Apollo ~ommand/~ervice Module and the LEN or the  
=/s-IVB with a simulated cockpit. The cockpit represented the  C/SM 
for  transposition docking and the WEM f o r  lunar orb i t  docking. The 
equations included a simplified representation of the dynamics of a 
cable and r e e l  control used t o  draw the vehicles together fo r  the te th-  
ering maneuver. 

Displays and Controls 

.- The cockpit information displays are  shown on 
figure 2. From l e f t  t o  r ight  the  instruments used consisted of a cable 
length meter, distance between connector points meter, three-axis eight 
b a l l  a t t i t ude  indicator, roll-angle meter, r o l l  angle (of the other 
vehicle) meter, cable-velocity meter, cable-tension meter, and a two- 
beam cathode ray oscilloscope. One beam of the oscilloscope, which was 
presented as a c i rc le ,  represented the  azimuth and elevation angle t o  
the other vehicle. The other beam, which was presented as  a dot, was a 
function of the  azimuth and elevation angles from the second vehicle. 
The function sf  these angles was such t h a t  i f  the  a t t i tudes  of the two 
vehicles were alined for  docking, the dot and c i r c l e  were concentric. 
Coincidence of the  dot and c i r c l e  when displaced from the center of the  
scope represented proper a t t i t ude  alinement i n  pi tch and yaw, but indi- 
cated a vehicle misalinementin the YZ plane. Roll a t t i t ude  er ror  could 
not be determined from the scope; therefore, the r o l l  a t t i t ude  of the 
other vehicle w a s  displayed on a metes, 



Cable control .-  A two-speed reel-drive motor was assumed which had 
a per ipheral  r e e l  speed or  cable speed of l , 8  or  3 .0  i n .  /sec . A clutch 

- - 

w a s  assumed between t h e  r e e i  dr ive  and r e e l  which was s e t  t o  s l i p  a t  a  
preset  tension.  This maximum tension was adjustable  a t  the  computer 
from 1 t o  250 pounds and could not be changed by the  p i l o t .  The spring 
cha rac t e r i s t i c s  of t h e  cable were varied so  t h a t  t h e  maximum tens ion  
occurred a t  1 inch of cable s t r e t ch .  One inch was t h e  minimum s t r e t c h  
t h a t  could be used f o r  maximum tension without encountering computer 
noise problems. The p i l o t  could engage or disengage t he  c lutch with t h e  
button switch indicated on the  l e f t  of f i gu re  2.  The cockpit throt t le  
was used t o  command r e e l  dr ive  speed. This t h r o t t l e  i s  adjustable,  but  
f o r  t h e  simulation only t h e  two indicated posi t ions  of 1.8 and 3 .0  in , / sec  
were used. A block diagram of t h e  cable control  i s  shown i n  f i gu re  1. 

Att i tude control .-  Each vehicle was capable of one of t h r ee  modes; 
r a t e  command a t t i t u d e  hold (deadband = . 5 O ) ,  r a t e  command, o r  open loop 
j e t s  on o r  off  (no minimum impulse capab i l i ty ) .  For t h e  C/SM, an  on-off 
system with deadband and h y s t e r e s i . ~  was used. The hysteres is  w a s  f ixed  
a t  .05O and t h e  r a t e  feedback gains f o r  a t t i t u d e  hold were adjusted t o  
give a L i m i t  cycle ve loc i ty  of .025~/sec .  For t he  LEM or  s;EM/s-IT~~~, a 
pseudo r a t e  on-off l og i c  was used, The minimum pulse width of t h e  PRL 
was adjusted f o r  8 msec t o  provide proper l i m i t  cycle f o r  the  LEM, The 
l i m i t  cycle pulses of t he  S-ITJB a re  about 80 msec; therefore,  t h e  S-IVB 
accelera t ions  used i n  t h e  simul-ation were increased by 10  t o  provide t h e  
proper l i m i t  cycle ve loc i ty .  Att i tude control  was afforded by a 3-axis 
penci l  con t ro l le r  located between t h e  p i l o t ' s  knees. 

Transla t ion control .-  A 3-axis T-handle con t ro l le r  was located be- 
tween t h e  p i l o t ' s  knees. No minimum impulse capab i l i ty  was provided. 

TEST PROGRAM 

The docking maneuver was performed d i r e c t  (without cable) and 
te thered .  The te ther ing  device was assumed pivoted a t  each connection 
point, and f o r  t h e  majori ty of runs it was assumed t o  be a cable capable 
of tension only,  The a t t i t u d e  control. system was flown i n  each of t h r ee  
modes as previously noted. Cable tensions of 1, 5, 10, 20, and 100 
pounds were invest igated during the  t ranspos i t ion  dockings and tensions  
of 1, 10, 100, and 250 pounds i n  t he  lunar  o r b i t  docking, The major i ty  
of runs was i n i t i a t e d  with t he  20-foot cable a l ready connected and with 
a l l  r e l a t i v e  ve loc i t i e s  zero, except f o r  l i m i t  cycle angular ve loc i t i e s .  
The a t t i t u d e s  were misalined 10 degrees/axis, and t h e  cable o r  l i n e  of 
s i gh t  between connectors was a t  bO degrees with respect  t o  the  major 
docking ax i s  (x-axis) of t h e  unpiloted veh ic le ,  The docking t eebs iq~~ .e  
used was t o  f i r s t  reduce t he  angul-ar e r ro rs ,  a l i n e  t he  docking axes, 



and then r e e l  ( t rans la te  f o r  d i r ec t  docking) the  two vehicles together. 
A t o t a l  of 173 runs was made during the  simulation. 

Tether Transposition Docking 

Cable connect.- I n  addition t o  the above procedures, the t e the r  
cable was connected t o  the LFM/S-IVB using a r i g i d  boom. The C/SM, with 
a r ig id  20-foot boom extending. from the docking connection point, w a s  
separated from the  S-IVB and rotated 180 degrees. The end of the  boom 
was then connected t o  the S-IVB. 

Determination of technique.- With the  cable already connected, 
i n i t i a l  conditions fo r  larger  misalinements were used t o  determine t h e  - 

tethered docking technique. The cable was at 60 degrees with respect 
t o  the  S-IVB docking axis, and a t  90 degrees with respect t o  the  C/SM 
docking axis .  The techniques investigated were: 

(1) The a t t i t ude  of the  C/SM w i t h  respect t o  the  S-IVB was alined, 
and the  (Y-Z) th rus ters  were then used t o  a l ine  the  docking 
axis .  The two spacecraft were then reeled together. Aline- 
ment of docking axes was maintained with the  (Y-Z) th rus ters .  

( 2 )  The C/SM was reeled i n  a f t e r  the a t t i t ude  with respect t o  
S-IVB was alined. A t  about 40 inches displacement, t he  clutch 
was disengaged and the  docking axes were alined with the  (Y-Z) 
th rus ters .  

(3) The docking axis  of the C/SM was alined along the  cable and 
then reeled in .  A t  about 40 inches, a coordinated t rans la t ion  
and rotat ion maneuver was performed t o  a l ine  a t t i tudes  and 
docking axes. 

Compression.- Several runs were performed with the  te ther ing device 
being capable of tension and compression. The coefficient of compres- - 
sion used was equal t o  the  'coefficient of tension, such as  1 lb/ in .  o r  
100 lb/ in .  The p i lo t  task during these runs was t o  prevent buckling 
due t o  boom compression. 

S-IVB s tab i l iza t ion  fai lure .-  Capability of docking t o  the  S-IVB 
without s tab i l iza t ion  was  investigated f o r  angular ve loc i t ies  of t h e  
S-IVB of .025, .25, 1.0, and 2.0 deg/sec. 

Tether Lunar Orbit Docking 

Tension greater than t rans la t ion  thrust.-  A cable tension of 
250 pounds fo r  tethered docking, which is  50 pounds higher than the  
t rans la t iona l  thrust ,  was investigated. This enabled the p i lo t  t o  
maintain continuous tension and s t i l l  be pulled i n  by the cable. 



.- Center of g rav i ty  o f f s e t s  of up t o  
l o  inches were invest igated f o r  t h e  open loop a t t i t u d e  control  mode, 
The following a t t i t u d e  accelera t ion due t o  t r ans l a t i on  t h ru s t i ng  was 
used : 

T .47'/sec2/inch i n  pi tch 
X 

2 
T .kT0/sec /inch i n  p i tch  

z 

T .72'/secZ/inch i n  r o l l  
Y 

Direct  Docking 

Except fo r  t h e  cable r ee l - i n  procedures, t he  d i r ec t  docking t e s t s  
were i den t i ca l  t o  t h e  t e t h e r  docking t e s t s  f o r  both t ranspos i t ion  and 
lunar  o r b i t  invest igat ions  . 

DISCUSSION OF TEST RESULTS 

&'or c l a r i t y  of presentation,  t h e  ensuing discussion has been divided 
i n t o  sect ions  on t ranspos i t ion  and lunar  o rb i t  docking. I n  addi t ion t o  
t h e  presentation and discussion of numerical data, some comments a r e  made 
r e l a t i v e  t o  control  problems associa ted with t e t h e r  docking. The p i l o t  
displays used i n  t h i s  simulation a r e  discussed and compared with t h e  dis-  
plays and v i sua l  cues ava i lab le  t o  t he  p i l o t  during ac tua l  docking 
maneuvers. 

Transposit ion Docking 

Effect  of control  system.- The t ranspos i t ion  docking maneuver w a s  
performed without d i f f i c u l t y  i n  e i t h e r  t h e  d i r ec t  or  t e t h e r  mode. The 
type of control  system had some e f f e c t  on terminal  conditions, although 
the  e f f ec t  was not pronounced. The primary di f ference ex i s t ing  among 
t h e  d i f f e r en t  control  modes was that t he  p i l o t s  had a more d i f f i c u l t  
time e f fec t ing  t he  maneuver i n  t h e  open loop mode. Both t h e  displace- 
ment and ve loc i ty  e r ro r s  were l a r g e r  i n  t h e  open loop control  mode than 
i n  t h e  r a t e  command-attitud-e hold mode f o r  both d i r e c t  and t e t h e r  dock- 
ing. However, it i s  i n t e r e s t i ng  t o  note t h a t  i n  t h e  open loop control  
mode, t he  displacement ve loc i ty  e r ro r s  during d i r ec t  docking were smaller 
than those obtained during t h e  t e t h e r  docking. The same i s  a l s o  t r u e  of 
t h e  a t t i t u d e  e r ro r s  @ and p and t o  a l a rge  extent  i n  f u e l  consump- 
t i o n .  The probable reason f o r  t h i s  i s  t h a t  the  p i l o t s  were required t o  
monitor t h e  cable during t h e  t e t h e r  dockirg which complicated t h e  control  



task.  The terminal conditions obtained using the r a t e  camand-attitude 
hold control mode were essent ial ly the same for  the d i rec t  or  te ther  
docking. 

Effect of cable tension.- Cable tension was varied f roma minimum 
of 1 pound t o  a maximum of 100 pounds. Inspection of the data of table  1 
shows very l i t t l e  correlationbetween cable tension and terminal con- 
di t ions f o r  most of the  tensions investigated. 

Cable connect. - The complete docking maneuver, tha t  is, separation 
of the C/SM from the S-IVB and 180° turnaround, w a s  performed without 
d i f f icul ty .  Both the a t t i tude  and translat ional  fue l  expenditure in- 
creased, but the a t t i tude  and contact veloci t ies  and displacements a t  
boom contact were about the  same as the values obtained for  d i rec t  dock- 
ing. 

Docking technique f o r  large i n i t i a l  errors.- Of  the  several docking 
techniques investigated f o r  large i n i t i a l  errors, the most effective 
technique was t o  reduce the  a t t i tude  errors, then a l ine  the  docking axes, 
and ree l  in .  Thus, the procedure w a s  ident ical  t o  tha t  used f o r  small 
angular displacement once the i n i t i a l  a t t i tude  errors were reduced t o  
near zero. The other two techniques investigated required excessive 
a t t i tude  and translat ional  fue l  expenditure t o  complete the docking ma- 
neuver. Terminal conditions a t  contact were about the  same f o r  a l l  pro- 
cedures investigated. 

S-IVB s tabi l iza t ion  failure.-  Docking i n  e i the r  the  d i rec t  or 
te ther  mode was possible with S-IVB control system fa i lures  providing 
the  angulax rates  of the S-IVB did not exceed 1 deg/sec. With rates  
greater than 1 deg/sec, the t ranslat ional  capabili ty of the  C/SM was not 
suff icient  t o  maintain contact with S-IVB long enough t o  complete the  
docking maneuver. 

Lunar Orbit Docking 

Effect of control mode.- As  i n  the case of transposition docking, 
the lunar orbit  docking was effected without undue piloting problems. 
The control system mode influenced terminal conditions due t o  the  l igh t  
configuration of the LEM (low mass, iner t ias)  . Displacement errors, as 
shown i n  table  2, were larger  i n  the  open loop mode than i n  the  ra te  
camraand-attitude hold mode f o r  both the  direct  and t e the r  docking maneu- 
ver. However, except f o r  a 250-pound cable tension, the magnitudes do 
not appear t o  be significant.  The contact velocities are generally in- 
dependent of docking method or control mode except a t  the 250-pound 
tension. Contact veloci t ies  a t  t h i s  cable tension were about 4.8 times 
greater i n  the open loop mode as  i n  the ra te  command-attitude hold mode 
(8.5 t o  1.75 in./sec) . The reason fo r  t h i s  i s  t h a t  when the  LJ3M was i n  



the  open loop mode, the  interact ion of the  cable and t rans la t iona l  
thrusters  caused the  two connector points t o  start a circular  osci l la-  
t i o n  about 6 inches before contact. The angular r a t e s  were so  high t h a t  
the centrifugal force equaled the  centr ipetal  force of the  cable. Hence, 
t o  make contact, the  p i lo t  was forced t o  release the t ranslat ional  
thrusters  and the  high tension snapped the  two vehicles together which 
caused contact ve loc i t ies  of between 8 and 10  in./sec. The osc i l la t ions  
were a l so  responsible f o r  the  .increased a t t i t u d e  f u e l  expenditure. A t t i -  
tude errors  were la rger  i n  the  open loop mode than the  r a t e  command- 
a t t i t ude  hold mode, but since the  la rges t  a t t i t u d e  er ror  was around 
3.9 degrees, t h i s  does not appear t o  be a c r i t i c a l  item. Attitude f u e l  
consumption w a s  about the same fo r  the r a t e  command-attitude hold i n  .A 
both the d i r ec t  and te thered dockings for  tensions below 100 pounds, but 
was signif icant ly higher f o r  the  open loop control mode. For a tension 
of 250 pounds, the  LEN a t t i t ude  f u e l  consumption was  nine times greater  
and the  C/SM a t t i t ude  f u e l  consumption some twelve times greater  i n  the  
open loop than the r a t e  command-attitude hold mode. The L&M t ransla-  
t i o n a l  fue l  at  the  250-pound tension was a l so  greater  (23.5 t o  14 -7 
pounds) i n  the  open loop mode than t h e  r a t e  command-attitude hold mode. 

Effect of cable tension.- Variation of the  cable tensions from 
1 pound t o  100 pounds did not a f f ec t  terminal conditions or  fue l  con- 
sumption. For a cable tension of 250 pounds, contact veloci t ies  and 
a t t i t ude  and t rans la t iona l  fue l  consumption increased. The increased 
magnitudes of these variables were due t o  the  technique used i n  per- 
forming the docking maneuver. The technique used was t o  thrus t  against  
the cable tension t o  prevent cable slack. Jus t  pr ior  t o  contact t he  
t rans la t iona l  thrusters  were deactivated and the  cable allowed t o  draw 
the two vehicles together.  The technique w a s  sat isfactory f o r  the  r a t e  
command-attitude hold mode, but not for  the  open loop a t t i t ude  control 
mode f o r  the reason s t a t ed  above. 

Center of gravi ty changes .- The center-of -gravity of fse ts  of 
10 inches caused no change i n  contact conditions. This was because the  
angular r a t e s  caused by the t rans la t iona l  thrus ters  were small (0.5 
deg/sec) compared t o  the  minimum angular ve loc i t ies  (2 deg/sec) commanded 
by t h e  p i lo t .  

Control Problems i n  Tethered Docking 

One of the p i lo t ing  problems i n  flying the tethered docking simu- 
l a t i o n  was  i n  keeping the cable t a u t  a t  contact. I n  about 23 percent 
of the  runs, t he  cable had from 1 t o  4 inches of slack present at con- 
t a c t .  Because the en t i r e  task  requires quite precise control jus t  pr ior  
t o  contact, the presence of the cable effect ively constituted another 
degree-of-freedom t o  be controlled. The problem can be minimized by 
using e i the r  extremely s m a l l  tensions, o r , i t  can be el iminateaby using 
cable tensions greater than the  vehicle t rans la t iona l  thrust  capabili ty.  



Small tensions a l l e v i a t e  the  s lack since t h e  force  d-rawing the  two 
vehicles t oge thw i s  small enough t o  prevent l a rge  r e l a t i v e  veloci- 
t i e s  building up i n  small time in t e rva l s .  For intermediate tensions, 
the  r e l a t i v e  ve loc i ty  builds up quickly and t h e  cable goes slack rap id ly  
due t o  the  low cable ree l - in  r a t e .  A high cable ree l - in  r a t e  would e i t h e r  
a l l ev i a t e  or el iminate cable slack, but a t  t he  expense of higher contact  
ve loc i t i e s .  Large cable tensions eliminate t he  problem of a s lack cable 
since t he  p i l o t  uses t he  t r ans l a t i ona l  t h rus t e r s  a s  a control l ing brake. 
However, t he  use of th rus te rs  i n  t h i s  manner causes both t h e  t rans la -  
t i o n a l  and a t t i t u d e  f u e l  expenditure t o  increase s ign i f ican t ly .  

The use of a t e ther ing  device t h a t  has t he  capabi l i ty  of both 
tension and compression presents a possible p i l o t i ng  problem. I f  t he  
device has these  properties,  t h e  p i l o t  w i l l  be required t o  prevent sus- 
ta ined osc i l l a t i ons  i n  r e l a t i v e  distance between the  two vehicles from 
building up. This pos s ib i l i t y  ex i sus  because i n  tension t h e  two vehicles  
a re  drawn together while i n  compression they a r e  forced apar t .  Because 
the  damping is  &nost zero, the  s;--"---I is  very nearly neu t ra l ly  s t ab l e .  
If the  p i l o t  i s  not careful  i n  applying t r ans l a t i ona l  th rus t ,  t h e  osc i l -  
l a t i ons  can be sustained and perhaps diverge r a the r  than converge. This 
i s  a serious problem a t  near c o n t s c ~  aistaiice since under these  con- 
d i t ions  it is  possible f o r  the  veloci ty  t o  be so  high a s  t o  cause s t ruc-  
t u r a l  damage a t  contact .  

P i l o t  Displays 

The displays used by the  p i l o t  i n  t h i s  simulation probably gave 
more precise information than w i l l  be avai lable  i n  t h e  r e a l  s i t ua t i on .  
This i s  p a r t i a l l y  due t o  t he  l imited discriminatory capabi l i ty  of the  
p i l o t  and p r t i a l l y  due t o  v i s i b i l i t y  l imi ta t ions  jus t  p r io r  t o  contact .  
Some of t h e  information ( f o r  example, a t t i t ude ,  cable ra te ,  tension) may 
be i den t i ca l  t o  t h a t  used i n  t h e  simulation. The quant i t ies  i n  question 
a r e  r e l a t i ve  vehicle closure ra te ,  exact posi t ions  of t he  docking f ix ture ,  
and t h e  dif ference between separation distance and ac tua l  cable length 
t o  be reeled i n .  

A t  l e a s t  two of t h e  variables,  l a t e r a l  and v e r t i c a l  separation of 
the  two docking f ix tures ,  can be obtained i n  t h e  r e a l  s i t ua t i on  by using 
a simple s ight ing device of some type.  The hor izontal  separation dis-  
tance i s  d i f f i c u l t  t o  obtain without some degree of complexity. A probe 
type device could provide the  information fo r  the  l a s t  s i x  inches of t h e  
maneuver, but would impose a weight and design penalty t o  t he  vehicle 
carrying t h e  sensor. However, t he  p i l o t  may be able  t o  determine t he  
horizontal  separation distance well  enough t o  perform the  maneuver with 
posit ion e r ro r s  no greater  than those obtained i n  t h i s  study. It is 
very l i k e l y  t h a t  t h e  ac tua l  docking f i x tu re  w i l l  be able  t o  accommodate 
la rger  posi t ion e r ro r s  than those determined i n  t h i s  study. I n  t h a t  
event, a sensor t o  detect  horizontal  separation w i l l  probably be uauzeces- 
sary.  The p i l o t  m y  a l so  be capable of detect ing r e l a t i ve  ve loc i t i es  



between vehicles well enough t o  preclude the  use of a sensor t o  obtain 
t h i s  quantity. 

CONCLUDING REMARKS 

The present study has indicated t h a t  while the  tether-concept of 
docking control i s  feasible, there i s  no significant advantage t o  t h i s  
mode over the d i rec t  docking concept i n  terms of contact accuracy, con- 
t a c t  velocities,  and fue l  expenditure. The additional weight and power 
requirements of the te ther  concept of docking were not considered i n  
t h i s  study. These resul t s  are conditioned by the f ine ly  resolved dock- 
ing si tuat ion display afforded the p i lo t s  of the simulation study. It 
is believed, however, tha t  regardless of the  concept of docking tha t  is 
employed, the p i lo t  of the active spacecraft must be provided with 
visual aids t h a t  w i l l  give a comparable quality of information. The 
area of visual  docking aids has not been fu l ly  explored; however, pre- 
vious preliminary t e s t s  a t  NAA Columbus ( ref .  1) have shown the  useful- 
ness of very simple devices. 

The present study also showed tha t  the  role  of the p i lo t  i n  control 
of the docking maneuver i s  not s ignif icant ly different during a tethered 
docking maneuver than during a d i rec t  docking maneuver. 

The dynamics of the  ree l  and cable assumed f o r  t h e  present study 
were quite simple, but appear r e a l i s t i c  from the standpoint of implemen- 
ta t ion .  The study indicated tha t  rather  moderate cable-tension capa- 
b i l i t y  provided sat isfactory control and tha t  tensions la rger  i n  magni- 
tude than thruster  capability are t o  be avoided. 
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* RCAH - Rate Connn'and-Attitude Hold 
RC - Rate Command 
OL - Open Loop 

Table 1 - Average Transposition Docking Contact Conditions 



Velocity Att i tude 
( in /sec)  Error 

I Transla t ional  & Atti tude Fuel 
( ~ b s )  1 

Transla- 1 Atti tude Atti tude 1 
Atti tude 
Control* 

Docking 
Method 

Direct 
Lunar 
Orbit 

RCAH Tethered 
Lunar 
Orbit 

* RCAH - Rate Command-Attitude Hold 
OL - @en Loop 

Table 2 - Average Lunar Orbit Docking Contact Conditions 
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Figure. 1. - Tethered docking simulation 



Figure 2.- Simulator cockpit  
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Figure 3. - Reel control 
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